ABSTRACT: Mesoporous magnesium carbonate (MMC) was evaluated as a potential candidate material for removal of dyes from textile industry wastewater. The adsorption property of MMC was analyzed for three different azo dyes: reactive black 5 (RB5), amaranth (AM), and acid red 183 (AR183). Further, the effect of porosity, amine modification, ionic strength, and pH was evaluated. MMC modified with 3-(aminopropyl)-triethoxysilane (aMMC) showed consistently high uptake levels for all of the azo dyes tested; the uptake of RB5, AM, and AR183 was ∼360, ∼143 and ∼170 mg/g, respectively. The results demonstrated the importance of porosity and surface chemistry in the effective adsorption of the azo dye in aqueous systems. The uptake of RB5 and AM on aMMC was not significantly affected by pH (when varied between 4 and 10), although reduced uptake of RB5 and AM was observed at pH values <2 and >12. The addition of NaCl salt at concentrations up to 1000 mM had minimal effect on the high uptake of RB5 on aMMC. The uptake of AM by aMMC was reduced by approximately 20% in the presence of NaCl even at low concentrations. The uptake of AR183 by aMMC varied noticeably by changes in pH and no specific trend was observed. The presence of NaCl also adversely affected the uptake of AR183 on aMMC. The adsorption of the azo dye on aMMC was most likely driven by electrostatic interactions. We show here that aMMC is a potential candidate adsorbent for the effective removal of azo dyes from textile wastewaters.
INTRODUCTION
The textile industry is one of the highest water-consuming industries in the world, using between 2.5 and 932 L of water per kg of fabric produced. 1 Water is needed in many of the steps in textile production, one particular process that requires a large amount of water is coloring. 1 During the coloring of textiles, different types of dyes and other additives are used in excess. This means that the wastewater from the process contains a large amount of dyes and additives. On average, 10−15% of the dyes used are still present in the effluent. 2 Azo dyes are one of the most commonly used classes of textile dyes and constitute up to 70% of the total of dyes produced. They are organic compounds that have nitrogen− nitrogen double bonds (NN). The popularity of azo dyes is related to their stability, the good variation of colors, and their low cost. 3 Some examples of typical azo dyes include Congo red, methyl orange, methyl red, reactive black 5, amaranth, and acid red 183. In this study, reactive black 5, amaranth, and acid red 183 (referred to as RB5, AM, and AR183, respectively, in the rest of this study) have been used. RB5 is one of the most common dyes for cotton and other cellulosic fibers; 4 AM is mainly used for dyeing textiles, but it has also been used as a coloring agent in the food and beverage industry. 5 AR183 is used as a wool and leather dye. 6 Unfortunately, azo dyes also have some serious drawbacks. Reports of the toxicity of RB5 and AM have lowered their use in the textile industries and resulted in a total ban in some countries.
5 AR183 has also proven to be highly carcinogenic and very resilient toward degradation. 7 Furthermore, the discharge of azo dye containing wastewater into natural water sources can cause discoloration even at low concentrations. Azo dye containing wastewater will also interfere with light transmission through the water, which disturbs the aquatic ecosystem and is esthetically displeasing. 8 More importantly, many azo dyes are toxic to the environment and their metabolites (aromatic amines such as benzidine) are cancerogenic and can cause various types of human and animal tumors. 5, 7, 9 Studies have also shown that some azo dyes are cancerogenic even without being metabolized. Furthermore, some components of azo dyes, such as p-phenylenediamine, are allergens that can induce throat irritation, asthma, and dermatitis. 10 It is, therefore, of great interest to develop an effective and low-cost strategy to remove azo dyes from dye effluent waters. 8 The successful removal of azo dye from wastewater might also allow some of the wastewater to be reused if it meets other requirements of the process (linked to salt concentration, pH, metal ions, etc.) and, hence, lowers the overall consumption of water. Several different methods have been proposed for the efficient removal of excess dye from the effluent. The methods can be divided into two groups: separation and degradation. 11 Examples of separation techniques are coagulation 12 and adsorption, 13, 14 whereas biodegradation 15 and oxidation 11 are examples of degradation techniques. Adsorption is a promising method as it can easily be implemented in existing processes and will therefore be relatively cost-effective. 16 For the adsorption process to work efficiently, a good sorbent is required. A good adsorbent should have a high uptake of dye, be easy to produce in large quantities, and have a low cost. Porous materials are good candidate adsorbents as they have good adsorption qualities due to their high surface area. Various porous materials such as activated carbon, 17, 18 mesoporous silica, 19, 20 and zeolites 21 have been tested for adsorption of azo dyes previously.
Mesoporous magnesium carbonate (MMC) is a highly porous amorphous magnesium carbonate material first described in 2013 22 and has been produced in industrial scale since. MMC is made up of aggregated nanometer-sized particles (<10 nm) of amorphous MgCO 3 and MgO (with MgO content approximately 10−20 wt %). The porosity comes from the space between the aggregated particles. MMC has very high specific surface area (larger than 700 m 2 /g), and the average pore size could be accurately controlled between 2 and 20 nm. 23 MMC is biocompatible and has proven to be noncytotoxic. 24 We have previously shown that the surface of MMC could be tailored by amine modification. Amine modification could be used to increase the stability of MMC by hindering crystallization as well as controlling the surface chemistry. 25 We also showed that the release rate of the antiinflammatory drug ibuprofen could be controlled by varying the levels of amine coverage on the pore surface of MMC. 26 In this study, we will evaluate MMC and amine-modified MMC (herein referred to as aMMC) as adsorbents for three azo dyes: RB5, AM, and AR183. Although MMC has been tested for various applications such as drug delivery and water adsorption, its application in adsorption of pollutants (e.g., azo dyes) from water has not yet been tested. The effect of amine modification of MMC, the pH, and the salt concentrations on the adsorption of azo dyes will be examined. Amine modification should enhance the adsorption of azo dyes as the amine groups on aMMC would be protonated at pH under their pK a value, which would increase the affinity for the adsorption of anionic azo dyes. 27 
RESULTS AND DISCUSSION
The as-synthesized MMC, the amine-modified aMMC, and aMgCO 3 were characterized using powder X-ray diffraction (XRD), infrared spectroscopy, N 2 sorption, and scanning electron microscopy. The data are presented and discussed in the Supporting Information. Note that the characterization of MMC and aMMC has been discussed previously. 26 2.1. Dye Adsorption. The adsorption isotherms of three azo dyes with equilibrium dye concentration up to 600 mg/L (RB5, AM, and AR183) on MMC and aMMC are displayed in Figure 2 . MgCO 3 , aMgCO 3 , and MgO were also tested for their ability to adsorb the three azo dyes, and the adsorption isotherms are shown in Figure 2 .
The uptake of RB5 was most predominant on aMMC ( Figure 2 ). The maximum uptake of RB5 on aMMC was ∼360 mg/g under the test conditions (∼20°C, 60 min exposure time). MgO also showed a noticeable uptake of RB5, with a high maximum uptake of ∼175 mg/g. aMgCO 3 showed some uptake of RB5, but the maximum uptake was much lower than that on aMMC and MgO. The other adsorbents (MgCO 3 and MMC) showed relatively low uptake of RB5 (less than 35 mg/ g). A similar trend was observed for the adsorption on AM; aMMC took up more AM than the other tested adsorbents, with a high uptake of 142.4 mg/g (∼20°C, 60 min). MgO also took up a relatively high amount of AM (∼80 mg/g, ∼20°C, 60 min). The other adsorbents (MMC, aMgCO 3 , and MgCO 3 ) showed relatively low uptake of AM (less than 60 mg/g), similar to that observed for RB5. Interestingly, the uptake of AR183 was the highest on MgO (∼200 mg/g, ∼20°C
, 60 min) and noticeably higher than that on aMMC (∼170 mg/g, ∼20°C, 60 min). The other adsorbents showed low uptake of AR183 (less than 30 mg/g), similar to that observed for RB5 and AM. The dye uptake on aMMC can be compared to that on other adsorbents as shown in Table 1 .
Two conclusions were drawn from the dye adsorption isotherms shown in Figure 1 . First, the importance of surface area was demonstrated by comparing the uptake of the tested azo dyes between aMMC and aMgCO 3 , as well as between MMC and MgCO 3 . The specific surface area of the different materials is shown in Table 2 . In both cases, the material with high specific surface area showed increased dye uptake for all three dyes. At C eq = ∼500 mg/L, the high surface area aMMC took up 385.8 mg/g of RB5, 142.4 mg/g of AM, and 168 mg/g of AR183. In contrast, the chemically similar but low-surfacearea aMgCO 3 took up just 34.4 mg/g of RB5, 9.1 mg/g of AM, and 28 mg/g of AR183 at the same C eq . A similar observation was made when considering the dye uptake of MMC and MgCO 3 ; at C eq = ∼500 mg/L, the high surface area MMC took up 31.8 mg/g of RB5, 59.6 mg/g of AM, and 21.5 mg/g of AR183, all of which were noticeably higher than the uptake of these dyes on MgCO 3 (1.4 mg/g of RB5, 0.5 mg/g of AM, and 1.9 mg/g of AR183). Second, the surface chemistry of the adsorbent also played an important role; amine modification 
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Article clearly enhanced the dye adsorption properties on MMC. This enhancement was demonstrated by comparing the dye uptake of aMMC and MMC. It is important to note that even with enhanced surface properties, high surface area is still required for good overall dye adsorption performance. This was demonstrated by aMgCO 3 . aMgCO 3 had a higher uptake of AR183 and RB5 compared to that on MgCO 3 , but the low surface area meant that the overall dye uptake was still lower than that of aMMC. Note that the high AR183 uptake on MgO also demonstrated the importance of surface interaction. The oxide surface was more favorable for the adsorption of AR183 than an amine surface, possibly due to the acidity of the Cr−OH group on AR183 that favored the adsorption on the basic oxide surface. In the rest of this study, we will focus our analysis on the adsorption of RB5, AM, and AR183 on aMMC only. Further analysis of the adsorption of AR183 on MgO (kinetics, effect of contact time, pH, and salts) can be found in the Supporting Information (Table S1 and Figures S1−S3).
The dye adsorption isotherms of aMMC were fitted with Langmuir, Freundlich, and Sips (Langmuir−Freundlich) models. The fitted parameters are presented in Table 3 .
When comparing the three different models, Sips gave the best fit for all cases with a high R 2 value for all of them. The Sips constant n was not 1 or close to 1 in any case, which indicated that the dye adsorption on aMMC could not be described as homogeneous. Electron micrographs, XRD diffractograms, and IR spectra of aMMC after adsorption are presented in the Supporting Information (Figures S4 and S5 ).
Kinetic Models.
The adsorption kinetics of all three dyes on aMMC was investigated by monitoring the dye uptake every 10 min, up to 60 min. The kinetics of dye adsorption is presented in Figure 2 , and the data points were normalized against dye uptake after 24 h (assumed to be 100%). The uptake of RB5 and AM on aMMC was relatively fast, with 50% of the uptake capacity reached between 10 and 20 min. Furthermore, more than 90% of the dye uptake capacity was reached within 60 min. In all cases except AR183 on aMMC, the uptake of dye increased with time. For AR183 on aMMC, there was an onset period of around 20 min during which the adsorption of AR183 on aMMC was close to 0. The low uptake of AR183 (when compared to that of MgO, Figures 2 and S3) on aMMC may be related to this onset period. The kinetics data were analyzed using the pseudo-first- 37 and pseudo-second-order 38 kinetic models (eqs 1 and 2)
Pseudo-first-order:
and Pseudo-second-order:
with q t being the amount adsorbed at time t (mg/g), q eq being the amount adsorbed at equilibrium (mg/g) and k being the rate constant (1st order: min −1 , 2nd order: mg/g min). Table 4 shows the fitted parameters using the two kinetic models. The pseudo-second-order kinetics model appeared to describe the adsorption of AM and RB5 on aMMC accurately. This was an indication that the rate-limiting step for adsorption in most cases was chemisorption and that the process was dependent on both the adsorbent and the adsorbate. 39, 40 For adsorption of AR183 on aMMC, it appeared that neither kinetic models were able to describe the adsorption kinetics, which was expected due to the apparent onset time during the first 20 min. The parameters for the two models for the adsorption of AR183 on MgO are listed in the Supporting Information (Table S2) .
2.3. Effect of pH. The effect of pH on the adsorption of the dye was investigated. Figure 3 shows the effect of initial pH of the dye solution on the uptake of RB5, AM, and AR183 on aMMC after 60 min exposure. In all three cases, the dye uptake diminished at pH 2. This was due to the fact that aMMC consisted predominantly of amorphous MgCO 3 with a small amount (∼10−20 wt % relative to MgCO 3 ) of MgO (both are sensitive to low pH). The uptake of all three dyes on aMMC increased when the pH was increased. This was believed to be 
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Article due to protonation of the amine groups, which created a positively charged surface that could attract the negatively charged dye molecules. At pH > 10, the uptake decreased for RB5 and AM. This was probably related to the deprotonation of the amine groups that could occur at pH more than 10.
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The uptake of AR183 on aMMC increased at high pH, the reason for this was not immediately clear to us. Further analyses are required to fully understand this observation. Figure 4 shows that dye uptake on aMMC was affected by the presence of NaCl salt. The uptake of AM and AR183 noticeably decreased when the salt concentration was increased. The effect on RB5 adsorption on aMMC was less apparent. The relative uptake of RB5 on aMMC remained more than 90% of that in a salt-free environment. As the adsorption of dye on aMMC was driven by attractive electrostatic forces, the adsorbed amount would decrease with an increase in salt concentration due to a shielding effect. The effect was most profound on AR183. On the other hand, the uptake of RB5 was not significantly affected by the increased salt concentration.
Effect of Salt.

CONCLUSIONS
MMC and the amine-modified aMMC have been tested as adsorbents for three commonly used azo dyes: RB5, AM, and AR183. aMMC showed high uptake of all three dyes with the equilibrium (C eq ∼ 500 mg/L) uptake reaching ∼360 mg/g for RB5, ∼143 mg/g for AM, and ∼170 mg/g for AR183 with good uptake kinetics. More than 90% of the adsorption capacity (normalized to the dye uptake after 24 h) was reached within 60 min for all three dyes. Amine modification enhanced the uptake of dye on aMMC when compared to that on MMC, which demonstrated the importance of surface chemistry in the adsorption of azo dyes. The available surface area was also important for a high uptake of dye, as demonstrated by the significantly higher uptake of dyes on aMMC compared to that on amine-modified, low-surface-area MgCO 3 . The uptake of RB5 and AM on aMMC was not noticeably affected by minor changes in pH (from 4 to 10). The presence of NaCl salt up to 1000 mM/L had minimal effect on the uptake of RB5 on aMMC, but a high salt concentration reduced the uptake of AM on aMMC by 20%.
High pH significantly increased the adsorption of AR183 on aMMC, whereas a high salt concentration had the opposite effect. Further studies are required to understand the specifics of the interaction between aMMC and AR183. We showed that aMMC is a candidate azo dye adsorbent with high uptake capacity and fast adsorption kinetics. The performance of 
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Article aMMC was not adversely affected by pH (for any of the three studied dyes) or the presence of salt (for two of the three dyes studied). The possibility for industrial-scale production of MMC and aMMC makes these materials interesting candidates for the treatment of textile wastewaters. A full-cost analysis as well as the development of a low-cost process for the production of aMMC will be essential for most applications of the material including that investigated in the present work.
MATERIALS AND METHODS
4.1. Materials. MgO (99% trace metal basis, 325 mesh), MgCO 3 (U.S.P.-grade), (3-aminopropyl)triethoxysilane (APTES, 98%), acid red 183 (30% dye content), amaranth (85−95% dye content), and reactive black 5 (≥50% dye content) were all purchased from Sigma-Aldrich; MeOH (HPLC-grade) was purchased from VWR Sweden.
Synthesis of Mesoporous Magnesium Carbonate (MMC).
The procedure for synthesizing MMC was previously described in detail; 23 however, in short, 20 g of MgO was dispersed in 300 mL of MeOH and then pressurized with 4 bar of CO 2 for 24 h. The resulting gel was then centrifuged to remove unreacted MgO and then dried under constant stirring at 60°C into a powder. The powder was further dried at 110°C
for additional 5 h. 4.3. Amine Modification of MMC. Amine grafting was carried out under dry conditions; all glassware was dried at 150°C prior to the experiment, and the setup was continually flushed with dry N 2 gas for the duration of the experiment. The reaction was carried out under reflux; 5 g of MMC was dispersed in 300 mL of anhydrous toluene in a three-necked round bottled flask. The mixture was heated in an oil bath to 110°C and was allowed to stabilize for 1 h; then, 8.5 mmol/g APTES was added. After 24 h, the solvent was removed by filtration and the material was washed with EtOH (2 × 50 mL). The modified MMC was then dried at 70°C overnight to obtain dried aMMC. Surface modification on purchased MgCO 3 was carried out using the same procedures. Aminemodified MgCO 3 is referred to as aMgCO 3 in this study.
4.4. Dye Adsorption Studies. Dye adsorption studies were carried out at ambient room temperature, which was recorded to be ∼20°C. Five different adsorbents (MMC, aMMC, MgCO 3 , aMgCO 3 , and MgO) and three different azo dyes (RB5, AM, and AR183) were tested. The chemical structure of the three different dyes is shown in Figure 5 .
Standard dye solutions were made by dissolving 250 mg or 500 mg of dye in 250 mL of deionized water in a 250 mL volumetric flask; this gives standard solutions of 1000 or 2000 mg/L. Dye solutions used for the adsorption experiments were then made up by diluting the standard dye solutions with deionized water to the desired initial concentrations. Dye solutions (30 mL) of different concentrations were added to a 50 mL falcon tube, and 60 mg of adsorbent was added to the dye solution. The falcon tube was then placed on an orbital shaker (Heidolph Multi Reax, Schwabach, Germany) at 1000 rpm for 60 min at room temperature. After 60 min, the adsorbent and the dye solution were separated by centrifugation at 2500 rpm for 2 min. The final concentration of the dye solution after adsorption was then measured with UV−vis spectroscopy (Shimadzu UV1800) at the peak absorption wavelength of the dye (see Table 5 ) and compared to the initial concentration. The dye uptake of the adsorbents was then calculated according to eq 3.
where C 0 (mg/L) is the initial concentration, C eq (mg/L) is the measured concentration after 60 min, V (L) is the volume of the dye solution, and m (mg) is the mass of the adsorbent. 4.5. Fitting of Adsorption Isotherms. The dye adsorption isotherms of aMMC are fitted with the Langmuir, Freundlich, and Sips (Langmuir−Freundlich) models. The Langmuir equation 41 describes a monolayer adsorption to a homogenous surface with eq 4
Here, q is the uptake (mg/g), q e is the equilibrium uptake (mg/g), k is the Langmuir isotherm constant (L/mg), and C is the equilibrium concentration (mg/L).
The Freundlich equation 42 better describes the properties of a heterogeneous system and is described by eq 5 = q kC n e 1/ (5) with q being the uptake (mg/g), C e being the equilibrium concentration (mg/L), k being the Freundlich constant, and 1/ n being the Freundlich exponent.
The Sips equation 43 is a combination of both Langmuir and Freundlich isotherms. It is described by eq 6 
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Article Here, q is the uptake (mg/g), q e is the equilibrium uptake (mg/g), C is the equilibrium concentration (mg/L), k is the model constant (L/g), and the Sips constant n (0 < n < 1) represents the homogeneity of the system; a fully homogenous system will have an n value of 1, and eq 6 will become the Langmuir equation. A heterogeneous system will be represented with n lower than 1, with increased heterogeneity as n approaches 0. 4.6. Kinetics of Adsorption and Effect of Salt and pH. Kinetic studies were carried out using the same procedures as listed above for selected adsorbents and dye concentrations. The dye concentration was monitored every 10 min for 60 min after adding the adsorbent to the dye solution. The effect of salt on dye adsorption was investigated for adsorbents with a high uptake of dye. NaCl was added to the dye solutions before the adsorption experiment, and the overall NaCl concentration was varied between 0 and 1000 mM. The effect of pH was evaluated for the adsorbents with a high uptake. The effect of pH was tested by adjusting the initial pH of the dye solutions with 0.1 M NaOH and 0.1 M HCl to values between 2 and 12 before the adsorption experiment. Dye adsorption experiment was then carried out using the same procedures as described above. 
